High-resolution circular spectropolarimetric observations, obtained with ESPaDOnS in the context of the BinaMIcS Large Program, have revealed a magnetic field in the B3V secondary component of the SB2 binary system ǫ Lupi (B2/B3). As the B2V primary is already known to be magnetic, this is the first detection of a magnetic field in both components of an early-type binary system. The longitudinal magnetic field of the primary is ∼ −200 G; that of the secondary ∼ +100 G. Observations can be approximately reproduced by a model assuming the magnetic axes of the two stars are anti-aligned, and roughly parallel to their respective rotation axes. Estimated magnetospheric radii indicate a high probability that their magnetospheres are interacting. As many of the arguments for the different proposed formation scenarios of fossil magnetic fields rely upon evidence drawn from investigations of close binaries, in particular the rarity of magnetic ABO stars in close binaries and the previous absence of any known close binary with two magnetic, massive stars, this discovery may be an important new constraint on the origin of fossil magnetic fields.
INTRODUCTION
A principal result of the Magnetism in Massive Stars (MiMeS) survey has been the demonstration that a significant subset (∼10%) of the early-type stellar population host strong (0.1-10 kG), stable magnetic fields (Wade et al., submitted) . In contrast, magnetic fields are essentially ubiquitous amongst cool stars. The magnetic fields of magnetic, massive stars (MMSs) are currently explained as so-called fossil fields (e.g. Cowling 1945; Mestel & Moss 1977; Braithwaite & Spruit 2004) : magnetic flux preserved from a previous era in a star's life. Magnetohydrodynamic (MHD) simulations indicate that magnetic fields within a radiative envelope can relax into stable configurations which then dissipate due to Ohmic decay and other slow mechanisms on stellar evolutionary timescales (Mestel & Takhar 1972; Braithwaite 2009 ). This framework has been highly successful in explaining the observed characteristics of the magnetic fields of hot stars (Neiner et al. 2015) , predicting magnetic topologies dominated by strong, global dipoles, with large angles between magnetic and rotational axes (e.g. Duez et al. 2010 Duez et al. , 2011 . These characteristics are essentially identical to those long known for the magnetic Ap stars (e.g. Borra & Landstreet 1980 ) and the He-weak and Hestrong Bp stars (e.g. Borra & Landstreet 1979; Borra et al. 1983) , suggesting a common mechanism behind the magnetic fields of all stars with radiative envelopes, i.e. from 1.5 to 50 M⊙ (Wade 2015).
Notwithstanding these successes, the origin of fossil fields remains a subject of speculation, indicating a fundamental deficiency in our understanding of a basic physical property of all stars more massive than 1.5 M⊙. One of the principal goals of the Binarity and Magnetic Interactions in various classes of Stars (BinaMIcS) project has been to investigate the origin of fossil fields amongst the MMSs , by examining in particular the properties and prevalence of binary systems containing MMSs.
One of the BinaMIcS targets is ǫ Lupi (HD 136504, B2/B3), an SB2 system comprised of 2 early B-type stars with an orbital period of ∼4.6 d. Tentative evidence for a magnetic field in the system was presented by Hubrig et al. (2009) , based upon FORS1 data. The first reliable detection was confirmed with ESPaDOnS data by Shultz et al. (2012) . Here we report for the first time the detection of a magnetic field in both components of ǫ Lupi, making it the first known close binary with two magnetic, massive stars.
OBSERVATIONS
Our dataset is comprised of 51 Canada-France-Hawaii Telescope (CFHT)/ESPaDOnS spectropolarimetric sequences. ESPaDOnS is a high-resolution (λ/∆λ ∼ 65, 000) spectropolarimeter with spectral coverage from 369.3 nm to 1048 nm across 40 overlapping spectral orders. Each sequence is comprised of 4 polarized subexposures, which are combined to yield unpolarized intensity (Stokes I), circularly polarized flux (Stokes V ), and diagnostic null (N ) spectra. On each night a minimum of 4, and a maximum of 11, sequences were obtained. Sequences obtained on the same night were co-added in order to increase the SNR, yielding 10 independent measurements. The first two were acquired by the MiMeS Large Program (LP), the most recent by the BinaMIcS LP, and the remainder in the context of PI program CFHT14AC010 (PI: M. Shultz). The log of observations is provided in Table 1 .
To further increase the SNR, we used the least-squares deconvolution procedure (LSD; Donati et al. 1997) , in particular the iLSD package (Kochukhov et al. 2010) . The line list used to construct the LSD mask was obtained from the Vienna Atomic Line Database VALD3 (Piskunov et al. 1995; Ryabchikova et al. 1997; Kupka et al. 1999 Kupka et al. , 2000 , using an 'extract stellar' request. Since both components have similar temperatures, we used a single mask that we adjusted to best match the spectrum. We began with a 20 kK solar metallicity mask, cleaned to include only metallic lines unblended with H, He, or telluric lines, with 234 spectral lines remaining in the mask after cleaning. The remaining lines were 'tweaked' by empirically adjusting the line depths to match the observed line strengths. LSD profiles were then extracted using 3.6 km s −1 velocity pixels, with normalization values of the wavelength and Landé factor of λ0 = 500 nm and g0 = 1.2. Noise was suppressed using a Tikhonov regularization factor of 0.2 (Kochukhov et al. 2010) . The LSD profile extracted from the BinaMIcS observation (the highest SNR measurement, obtained on HJD 2457122) is shown in Fig. 1 .
To quantify the presence of a magnetic signature, we applied two diagnostic techniques to the LSD profiles. The first was to calculate the False Alarm Probability (FAP) of the signal in Stokes V inside the line profile (Donati et al. 1997) . Detections are considered definite (DD) if FAP < 10 −5 , and non-detections (ND) if FAP > 10 −3 (Donati et al. 1997) . Integration ranges were set individually for each LSD profile, depending on the radial velocities and line-profile widths of the components, as illustrated in Fig. 1 . Detection flags are provided in Table 1 . The most recent, high-SNR measurement yields a DD in the secondary component.
The longitudinal magnetic field Bz was measured from the LSD profiles by taking the first-order moment of the Stokes V profile (Mathys 1989) . The same integration ranges were used for measuring Bz as for evaluation of the FAPs. Bz values for combined line profiles are provided at all orbital phases in Table 1 , and for the primary and secondary components individually at phases at which the components' lines are separated. We also measured Nz using the N profiles: it is consistent with noise in both the blended profiles and the individual profiles at all phases.
Prior to the clear detection of the magnetic signature of the secondary in April 2015, analysis of data collected between 2011 and 2014 suggested that the secondary component might also possess a magnetic field. At phases in which the components are clearly separated, the secondary consistently registers Bz ∼ +100 G, while the magnetic field of the primary is always ∼ −200 G. When the components are blended, Bz ∼ −100 G, as might be expected if two Zeeman signature of opposite polarity are partially cancelling. All 7 FORS1 measurements are also ∼ −100 G (Hubrig et al. 2011 ): due to the low spectral resolution of this instrument, the components are likely blended at all orbital phases.
DISCUSSION
ǫ Lupi's orbital elements were most recently determined by Uytterhoeven et al. (2005) (hereafter U05): e = 0.277, ω = 18
• , P orb ∼ 4.56 d, i = 21
• . The LSD profiles are shown phased with the U05 ephemeris in Fig. 2 . U05 found v sin i = 42 km s −1 for the primary and 37 km s −1 for the secondary. In the left panels of Fig. 2 we show model Stokes I LSD profiles. The basic disk integration model used in synthesizing the LSD profiles is described by Petit & Wade (2012) . The model approximates the LSD profile as an individual spectral line, rather than extracting an LSD profile from a synthetic spectrum; while there are limitations to this approach (Kochukhov et al. 2010) , it is sufficient for a first-order model of the observed LSD profiles, and Table 1 . Log of observations and magnetic measurements. SNR is per 1.8 km s −1 spectral pixel. DF refers to the detection flag, as discussed in the text. Columns 7-9 ('Combined') provide magnetic measurements performed including both stellar line profiles; at phases during which the profiles are blended, ony combined measurements are given. Remaining columns give magnetic measurements for the individual stellar components, at phases at which the components' line profiles are well-separated.
Combined
Primary Secondary HJD -UT Date The synthetic LSD profiles corresponding to the individual stars were centred at radial velocities computed using the U05 orbital elements, and then added using a flux ratio of 70%/30% primary/secondary, matching the observed line strength ratio. The combined profiles were then normalized to reproduce the equivalent widths of the observed LSD profiles.
The right panels of Fig. 2 show a comparison between observed and synthetic Stokes V profiles. While the rotational periods, inclinations i of the rotational axes, obliquity angles β between the rotational and magnetic axes, and dipolar field strengths B d cannot yet be determined with certainty, some inferences can be made from the existing dataset. At phases during which the profiles are wellseparated, Bz is constant within the error bars, while at blended phases, Bz is always about −100 G. This suggests that Bz of both components is roughly constant, implying that either i, β, or both, are relatively small (considering the known v sin is, the other possibility -that the periods are much longer than the timescale over which the data were acquired -is not considered). We therefore set i to the orbital inclination of 21
• for both stars, and fixed β = 0
• such that all variation in Stokes V is due to orbital modulation, consisting only of RV shifts applied to constant Stokes V profiles. We adopted B d,P = 900 G and B d,S = 600 G, as being approximately the minimum strengths compatible with the observed Bz . As is clear from Fig. 2 , this model reproduces the gross features of Stokes I and V at all phases, including those during which the line profiles are blended. In many cases, smallscale features are present in the observed Stokes V profiles. These are likely a result of non-radial pulsation (U05, Telting et al. 2006) , as indicated by comparisons between the observed Stokes I and V profiles: strong asymmetries in I are typically accompanied by corresponding asymmetries in V , as is seen most clearly at phase 0.392.
Determining the rotational periods and magnetic properties of these stars will require a larger, high-SNR spectropolarimetric dataset. Modelling the nonradial pulsations will be necessary, as these effects may well dominate the variability of Stokes V for each star; as these frequencies and modes are unidentified (U05), large, high-quality photometric and spectroscopic datasets will also be needed.
We evaluate the strength of magnetic wind confinement via the magnetic wind confinement parameter η * (Eqn. 7 of ud-Doula & Owocki 2002), using the mass-loss recipe of Vink et al. (2001) . Taking R * ,P = 4.9±0.8R⊙, M * ,P = 8.7± 1.0M⊙, log T eff,P = 4.34 ± 0.02, R * ,S = 4.0 ± 0.5R⊙, M * ,S = 7.3 ± 0.9M⊙, and log T eff,S = 4.31 ± 0.03 (U05), and B d,P = 0.82 kG and B d,S = 0.5 kG (the minimum values compatible with Bz ), we find η * > 250 for both stars. Since η * >> 1, their winds are magnetically confined above the stellar surface. The physical extent of their magnetospheres, given by the Alfvén radius RA (Eqn. 10, ud-Doula et al. 2008) , is RA,P > 4.47R * and RA,S > 4.26R * .
In a close binary system it is of interest to compare RA to the physical separation between the stars. U05 found semi-minor and semi-major axes of a1 sin i ∼ 0.022 AU and a2 sin i ∼ 0.026 AU, or about 0.061 AU and 0.073 AU in the orbital plane, assuming an orbital inclination of 21
• . This is only about 3 R * ,P or 4 R * ,S. Fig. 3 shows a schematic of the orbit, in the rest frame of the primary, overlaid with the Alfvén radii RA of both stars. We use Alfvén radii calculated upon the assumption of minimum B d (rather than the slightly higher values adopted in Fig. 2 ). There is substantial overlap between the two magnetic confinement regions at all points during the orbit. Since Fig. 3 There is no evidence of emission in optical or ultraviolet lines . The absence of Hα emission is expected, given the weak magnetic fields and winds, and the probable slow rotation as inferred from the low values of v sin i. The magnetic B2 star HD 3360, which has similar magnetospheric properties to those of the ǫ Lupi components, shows periodic UV variability (Oskinova et al. 2011; Petit et al. 2013 ). However, as there is only 1 high-dispersion IUE spectrum of ǫ Lupi, UV variability cannot be evaluated. The system is overluminous in X-rays, as expected for a magnetic massive star, and indeed is precisely on the Xray luminosity trend predicted by the semi-analytic XADM model (ud-Doula et al. 2014; Nazé et al. 2014) , albeit somewhat harder than other magnetic, massive stars with similar properties (Nazé et al. 2014) .
Since the separation between the two stars is relatively small, it may be reasonable to consider that the magnetic field detected in the secondary is induced by the field of the primary. However, the relatively weak magnetic field of the primary argues against this: at the distance of the secondary, the maximum magnetic field strength of the primary's dipole field is only a few G, assuming a 1/r 3 decay. This is an order of magnitude weaker than the measured Bz of the secondary. In order to produce Bz ∼100 G at the distance of the secondary, the primary's magnetic dipole would need to be ∼15 kG, which is clearly incompatible with the data. Moreover, it is unclear how an induced field would explain the apparently anti-aligned fields of the two stars.
The discovery of a doubly-magnetic early-type close binary system may generate new insights into our understanding of the origin of fossil magnetic fields. The MiMeS survey showed MMSs to be relatively rare, approximately 10% of the population of bright OB stars in the Galaxy (Grunhut et al. 2012) . In remarkable contrast, out of 151 close binary systems observed in the context of the BinaMIcS survey, not one new MMS has been detected, and in the broader sample only one magnetic field (in an F5 star) has been detected. This implies an incidence of magnetic stars in close binary systems of no more than ∼2% .
Two scenarios have been proposed for the origins of fossil magnetic fields: binary mergers (Ferrario et al. 2009 ), and magnetic flux preserved from the star formation process and amplified during early pre-main sequence evolution (Mestel 1999) .
The merger scenario proposes that the magnetic flux is generated by powerful dynamos excited during the merging event. The fraction of massive stars expected to undergo mergers while on the main sequence is roughly similar to the observed fraction of magnetic stars (Sana et al. 2012 ). This scenario seems unlikely to account for the existence of a doubly-magnetic massive binary. Two separate mergers would be required, but the loss of orbital angular momentum required for one binary pair to merge is likely to be transferred to one or both of the other stars, thus widening or even destroying the orbit.
In the second scenario, strong magnetic fields threading molecular clouds provide seed fields which are then amplified during the pre-main sequence convective phase. In this case, the historical failures to detect a doubly-magnetic hot star binary are a statistical artifact arising from the inherent rarity of MMSs: only ∼10% of massive stars are magnetic, so only ∼1% of close massive binaries should contain two magnetic stars. This scenario is supported by the similar incidence of magnetic fields, and the similar magnetic properties, of magnetic HeAe/Be stars and main sequence MMSs, indicating that the presence of a fossil field has already been established during the pre-main sequence (Alecian et al. 2013) . MHD simulations have also shown that strong magnetic fields inhibit fragmentation of molecular clouds (Price & Bate 2007; Commerçon et al. 2011) . Since close binaries are thought to be primordial, rather than the result of gravitational capture (Bonnell & Bate 1994) , the rarity of close magnetic binaries may also be explained by this inhibition. The discovery of a close binary with two MMSs might be thought to be inconsistent with magnetic inhibition of fragmentation; however, the relatively weak magnetic fields of the ǫ Lupi system may be compatible with an origin in a weakly magnetized core, within which fragmentation may still occur (Commerçon et al. 2011 ). However, this scenario is not without difficulties, as simulations of magnetized core collapse have tended to show that magnetic flux is not preserved (Masson et al., priv. comm.) 
